Nitrobacter winogradskyi Nb-255 is a nitrite-oxidizing bacterium that can grow solely on nitrite (NO 2 − ) as a source of energy and nitrogen. In most natural situations, NO 2 − oxidation is coupled closely to ammonium (NH 4 + ) oxidation by bacteria and archaea and, conceptually, N. winogradskyi can save energy using NH 4 + to meet its N-biosynthetic requirements.
INTRODUCTION
Nitrification is the microbial process in the nitrogen (N) cycle that transforms ammonia (NH 3 ) into nitrate (NO 3 − ). Distinct nitrifying microorganisms carry out this process in two steps to derive energy for growth. First, ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) oxidize NH 3 to nitrite (NO 2 − ). Second, nitrite-oxidizing bacteria (NOB) oxidize NO 2 − to nitrate (NO 3 − ) (Arp 2000) . In balanced ecosystems, the two steps are normally coupled such that the nitrification process seldom results in the accumulation of NO 2 − (Casciotti and Buchwald 2012 Kim et al., 2003; Kouba et al., 2014) . Studies have been reported on the responses of NOB to NH 4 + /NH 3 , but these generally were carried out with enriched nitrifying cultures mixed with AOB and of approximated composition (e.g. Vadivelu, Keller and Yuan 2007) . To our knowledge, there are no published studies that have determined if, and how, NOB modify their physiology in the presence of both NH 4 + and NO 2 − .
In chemolithoautotrophic NOB, such as Nitrobacter winogradskyi Nb-255, NO 2 − can serve as both, the sole energy source (Freitag and Bock 1990) and as a biosynthetic N source, because NO 2 − can be reduced to NH 4 + by assimilatory nitrite reductase (Starkenburg et al., 2006) . Genes encoding glutamine synthetase, glutamate synthase and glutamate dehydrogenase are annotated in the genome and are thought to provide alternate routes for NH 4 + assimilation (Starkenburg et al., 2006) . The genome of N. winogradskyi is devoid of genes encoding proteins with putative function for transporting NH 4 + .
In this study, we compare the transcriptome response of N. winogradskyi grown on NO 2 − as energy source in the absence and presence of low (1 mM) and high (25 mM) NH 4 + . Our results show that almost a quarter of the transcriptome changes by the addition of NH 4 + . The data infer that the physiology of NOB differs when in association with active NH 3 oxidizers, than when they are in pure culture with only NO 2 − as both energy and N source.
MATERIALS AND METHODS

Growth in batch and chemostat conditions
Nitrobacter winogradskyi Nb-255 was grown in a medium containing 60 mM NaNO 2 , 0.75 mM MgSO 4 , 0.2 mM CaCl 2 , 4.1 mM phosphate, 0.28 mM Na 2 CO 3 and trace metals: 9.9 μM FeCl 3 , 10.0 μM CuSO 4 , 0.6 μM Na 2 Mo 4 O 4 , 1.59 μM MnCl 2 , 0.6 μM CoCl 2 and 0.096 μM ZnCl 2 (pH 7.5). The cultures used to start the chemostats were grown in Erlenmeyer flasks in a rotatory shaker at 100 rpm at 30 • C. Chemostats were assembled in glass vessels (Bellco Bio-probe Catalog No. 1965-97001) (1 liter culture media) and maintained at a steady-state dilution rate of 0.008 h −1 . In the chemostats, cells were grown in the medium described above, or in medium amended with either 1 mM NH 4 Cl or 25 mM NH 4 Cl. Chemostats were routinely monitored by plating 1 ml aliquots of culture on Luria-Bertani agar plates to assess for contamination by heterotrophic bacteria.
RNA preparation
Bacterial cells grown in chemostats were collected and concentrated by centrifugation. Collected cells form three biological replicates for each treatment were lysed via sonication or bead beating and the total RNA was extracted as previously described (Pérez et al., 2014) . The MICROBExpress RNA Isolation Kit was used to deplete rRNA from the total RNA, following instructions of the manufacturer (Ambion/Life Technologies, NY). Quality of the depleted RNA was assayed using a 6000 Nano 
Transcriptome data analysis
The mRNA-Seq reads were analyzed as described elsewhere (Pérez et al., 2014) . Briefly, both ends of the reads were trimmed of low-quality sequences. Bowtie 2.1.0 was used to align the paired-end reads of the N. winogradskyi genome sequences as described elsewhere (Langmead et al., 2009; Di et al., 2011) . Up to two mismatches and a gap of no more than 300 nt between pairs of reads were allowed. Reads that aligned to paralogs were assigned to only one of the duplicated genes. Reads that aligned to rRNA-encoding regions were disregarded. The gene counts were used to determine differential gene expression (DGE), using negative binomial models in the NBPSeq package (version 0.1.8) (Di et al., 2011) . Significant differential gene expression for twogroup comparisons was determined for all three possible but non-reciprocal pair-wise comparisons (P-value threshold ≤0.05).
Fold changes in mRNA levels were calculated and expressed on a log 2 basis, (i.e. log 2 = 3 is equivalent to an 8-fold greater amount of transcript). Unprocessed and processed datasets are available at Gene Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI) accession GSE58053. Selected genes were chosen for corroboration of gene expression by quantitative reverse transcription and polymerase chain reaction (qRT-PCR) with total RNA from biological replicates as template and with corresponding primers (Table 1) 
RESULTS AND DISCUSSION
Nitrobacter winogradskyi growth response to different ammonium concentrations
The effect of different NH 4 + concentrations on the growth (and NO 2 − consumption) of N. winogradskyi was analyzed in batch cultures inoculated with chemostat NO 2 − -grown cells. The cultures exposed to ≤35 mM NH 4 + concentration grew well, but those with higher concentration than 35 mM NH 4 + showed a delay in growth with statistically significant differences in optical density at 600 nm (OD) and rate of NO 2 − consumed (P-value < 0.05) by days 4 and 5, compared to the control with no NH 4 + ( Fig. 1 
Overall transcriptome responses to ammonium
Of the 3142 annotated genes in N. winogradskyi, the presence of 1 mM NH 4 + in basal medium caused a statistically significant increase in expression of 46 genes and reduction in expression of 113 genes (P-values ≤ 0.05; GEO accession GSE58053). In contrast, the presence of 25 mM NH 4 + to the basal medium caused a statistically significant increase in expression of 737 genes and reduction in expression of 209 genes (P-values ≤ 0.05; at days 4 and 5 showed a delay in growth with statistically significant differences between the control and that above 35 mM NH4 + (P < 0.05). The data were analyzed in a two-way analysis of variance. The experiment was performed in triplicate and inocula of cells taken from a chemostat.
GEO accession GSE58053). The levels of expression of selected genes as determined by RT-PCR followed the same trend as those by mRNA-Seq (Table 1) . A comparison made between the 1 mM NH 4 + and 25 mM NH 4 + treatments showed that overall, grouping the genes in clusters of orthologous groups (COGs), the addition of 25 mM NH 4 + caused a greater number of genes to change significantly their levels of expression than the addition of 1 mM NH 4 + . COGs containing the largest number of genes whose expressions were increased significantly by addition of 25 mM NH 4 + contained genes involved in post-translational modification, protein turnover, chaperons and biogenesis (below and Fig. 2 ). (Spang et al., 2012) and the NOB Nitrospira defluvii (Lucker et al., 2010) . These authors speculated that this enzyme might provide a mechanism for an NH 3 oxidizer or NOB to generate NH 3 from cyanate when NH 3 is limiting, i.e. cyanate. Recently, Daims et al. (University of Vienna; unpublished data) showed that urea, when provided as a sole N source, promoted the growth of both a urease-containing NOB and a non-ureolytic AOB in co-culture. A similar role could be made for cynS in the absence of NH 4 + and presence of cyanate.
Nitrogen assimilation
Nitrobacter winogradskyi encodes both glutamate dehydrogenase (Nwi 2286) to synthesize glutamate from NH 4 + and α-ketoglutarate, and glutamine synthetase (Nwi 1904) and glutamate synthase (GOGAT, Nwi 2953-2954) to assimilate NH 4 + into glutamate via glutamine. Due to the higher affinity of glutamine synthetase for NH 4 + , the latter route is thought to be preferred by most microorganisms when the supply of NH 4 + is at low concentrations (Kanamori, Weiss and Roberts 1989) , and has been suggested for N. winogradskyi (Starkenburg et al., 2006) . However, in our study the transcripts of glutamate synthase (GOGAT, Nwi 2953-2954) were 1.5 log-fold greater in the 25 mM NH 4 medium compared to the unamended medium, whereas transcripts of glutamine synthetase (Nwi 1904) and glutamate dehydrogenase (Nwi 2286) showed no significant changes in expression. Furthermore, regulatory genes associated with glutamine synthase expression, including NtrB/C (Nwi 1444-1445), NtrX/Y (Nwi 1446-1447) and nitrogen assimilation protein P-II (e.g. Nwi 0076 and Nwi 1903), were also not differentially expressed in cells grown in the NH 4 + -amended versus those grown in the unamended media. However, a gene encoding a putative nitrogen assimilation regulator protein P-II (Nwi 2931) that is adjacent to ccb genes (i.e. Nwi 2929,2930 and 2932) was 1.4 log-fold upregulated in the 1 mM NH 4 + -amended treatment. The apparent difference between our results and conventional thinking about the relative importance of these two NH 4 + incorporation routes is in need of further study.
Several genes associated with active amino-N biosynthesis and nucleic acid synthesis were expressed at higher levels in NH 4 + -amended medium. These included Nwi 0052 encoding 2-folylpolyglutamate synthetase, Nwi 0349 encoding pyridoxamine 5 -phosphate oxidase-like FMN-binding protein, Nwi 0388 (argJ) encoding glutamate N-acetyltransferase, Nwi 2388 encoding a class III aminotransferase/glutamate-1-semialdehyde 2,1-aminomutase and Nwi 0443 encoding gamma-glutamyl kinase. Suggesting enhanced biosynthetic activity, genes Nwi 1359 to 1383 encoding the ribosomal proteins were all expressed >1.0 log-fold higher in the NH 4 + treatments. Upregulation of N biosynthesis in cells grown in NH 4 + -amended medium was also suggested by a 3.5 log-fold higher expression of Nwi 0922 encoding transcription elongation factor GreA/GreB region that promotes elongation by RNA polymerases through obstructive regions of DNA (Marr and Roberts 2000) . Furthermore, transcripts of genes encoding enzymes in the pathway of thiamine metabolism and adjacent genes implicated in RNA synthesis (Nwi 2465-2469) and pseudouridine synthase (Nwi 2550) were upregulated (1.4 to 2 log-fold higher) by the addition of NH 4 + .
Expression of genes implicated in DNA repair increased at least 1.0 log-fold including the gene for exodeoxyribonuclease III (Nwi 1810), uvrC for excinuclease ABC subunit C (Nwi 2526) and uvrA for excinuclease ABC subunit A (Nwi 1568). Also, the translation initiation factor IF-1 involved in cell viability infA (Nwi 0312) was 2.0 log-fold higher in the 25 mM NH 4 + treatment, and the gene encoding the N assimilation regulatory protein NtrX (Nwi 1447) was 1.3 log-fold higher in the 25 mM NH 4 + treatment, all compared to the unamended medium. Still, significantly higher cell densities were not reached in the NH 4 + -supplemented media (Fig. 1) . The data hint that ammonium uptake is taking place by an as yet unknown mechanism, as no gene for an ammonium transporter is annotated in the genome N. winogradskyi.
Energy generation and electron transport
Nitrite oxidoreductase (NXR) is the molybdopterin-containing protein that oxidizes NO 2 − to NO 3 − . There are two copies of each of the nxrA and nxrB genes in the genome (Starkenburg et al., 2006) . Expression of the segregated nxr copy 2 (Nwi 0965) encoding NXR subunit B was 1.0 log-fold lower in the 25 mm NH 4 + treatment than in the no NH 4 + -amended treatment. Interestingly, the genes adjacent to Nwi 0965 (Nwi 0962-0964) encoding a putative type1 secretion system for proteins were also expressed 3.5 log-fold lower level in the 25 mM NH 4 + treatment.
In contrast, the segregated nxr copy2 (Nwi 2068) encoding NXR subunit A was expressed 1.6 log-fold higher, and no significant differences were detected in transcript expression of copy 1 of NXR A and B, genes which are clustered in a putative operon (Nwi 0773-0776) with narK (Nwi 0779) encoding a putative nitrate/nitrite transporter. Congruent with NH 4 + potentially influencing various aspects of NO 2 − metabolism, the genes Nwin 2313 and 2314 (encoding NorCB) were expressed at 4.0 and 2.8 log-fold lower levels in cells grown in NH 4 + -amended medium. These two genes were reported to show weak similarity (23 and 26% identity) to cytochrome c-dependent nitric oxide reductase, but their function was not experimentally investigated (Starkenburg et al., 2006) . Clearly, the function of these genes and the significance of their downregulation in the presence of NH 4 + require further study.
Expression of gene clusters required for biosynthesis of cytochrome c-type proteins (Nwi 0319-0332 and Nwi 1191-1194, and 2214) were at least 1.2 log-fold higher in the 25 mM NH 4 + treatment. Whereas it is well known that cytochrome c-550 plays a critical role in transferring electrons from NXR to cytochrome c oxidase, there is no experimentally evidence of the function of the other genes encoding c-type cytochromes in the N. winogradskyi genome (Starkenburg et al., 2006) . Interestingly, Nwi 2648, which encodes a putative multi-copper oxidase, nitrite reductase (NirK), was expressed 3.0 and 0.9 log-fold lower in the 1 mM NH 4 + and 25 mM NH 4 + treatment, respectively, than the cells in unamended medium. This observation also opens up the possibility of future studies to determine the role of the product of nirK during growth of N. winogradskyi on NO 2 − , and to determine why it is downregulated during growth in the presence of both NH 4 + and NO 2 − .
Autotrophy
Although genes associated with one of the two RuBisCO operons (Nwi 2927-2932) were not expressed differentially in NH 4 + -amended versus unamended media, the genes Nwi 1980 to 1987 which encode a second RuBisCO operon that includes the carboxysome structural proteins were expressed 1.0 to 2.0 logfold higher in cells grown in 25 mM NH 4 + and 0.5 to 1.8 logfold higher in cells grown in 1 mM NH 4 + . Furthermore, the gene Nwi 2931 encoding the putative PII transcriptional regulator that is predicted to be involved in co-regulating carbon and nitrogen assimilation (Starkenburg et al., 2006) was expressed 1.4 log-fold higher in the 1 mM NH 4 + -amended cells. These data imply that N. winogradskyi in basal medium amended with NH 4 + preferentially uses the carboxysome encapsulated form of RuBisCO. Further studies are required to confirm this hypothesis and provide an explanation for this strategy of CO 2 fixation.
Glycogen metabolism
Genes involved in the metabolism/synthesis of glycogen were downregulated in the NH 4 + -amended treatment. For example, the gene for glycosil transferase (Nwi 0326) was 1.3 to 1.8 log-fold lower, and the gene for glycogen branching protein (Nwi 1207), glgB (Nwi 1205), glgX and other associated genes for synthases, debranching and phosphorylases proteins (Nwi 1206-1212) were expressed ∼4.0 log-fold lower at both NH 4 + levels. Although these genes are putatively implicated in glycogen processing, it is possible that they could be involved in other aspects of cell polysaccharide metabolism. For example, a cluster of genes likely involved in LPS biosynthesis (Nwi 2392 and adjacent genes) were expressed 1.1 to 1.9 log-fold higher in the 25 mM NH 4 + treatment than in the non-amended medium.
Stress and chemotaxis
In the 25 mM NH 4 + -amended medium, N. winogradskyi upregulated several genes that are linked to stress responses in other bacteria. For example, putative genes for molecular chaperone HtpG (Nwi 2812-2816) were expressed 1.4 log-fold higher in the 25 mM NH 4 + treatment. Genes encoding heat shock protein Hsp20 (Nwi 1115-1116 and Nwi-2117-2118) were expressed 1.9 to 2.2 log-fold higher. Furthermore, genes encoding groEL (Nwi 2573-2574) were expressed 1.2 log-fold higher; however, genes encoding CsbD (Nwi 2245 and Nwi 2997), a bacterial general stress response protein mediated by sigma-B (an alternative sigma factor) under stress (Harwood and Moszer 2002) , were 2.0 to 5.0 log-fold lower, and we have no explanation at this time.
In the NH 4 + -supplemented medium, a group of genes encoding a type II secretion system and pilus assembly proteins (Nwi 0297-0307), genes involved in flagella biosynthesis (Nwi 1120 (Nwi -1138 , and a number of chemotaxis-related genes (e.g. Nwi 0520 for a chemotaxis protein, Nwi 2540 for CheY, Nwi 2571 for CheZ, Nwi 2997 for CsbD-like protein), were downregulated 1.0 to 4.6 log-fold. It is possible that the presence of NH 4 + reduces the need for motility in Nitrobacter, and perhaps is part of a strategy that enables NOB to establish physical contact with AOB to form the aggregates and biofilms often seen in nitrifying bioreactors (Wagner et al., 2002) . In summary, the transcriptome response of N. winogradskyi to the presence of NH 4 + indicates that it has the potential to modify its physiology in environmental situations conducive for nitrification (Fig. 3) . Although it is logical that N. winogradskyi would prefer to conserve NO 2 − solely for energy-generating purposes, and use NH 4 + for biosynthesis, it is of interest to speculate that some of the gene regulation/expression that occurred in the presence of NH 4 + might facilitate the physical and biochemical interaction between NOB and AOB to enable efficient nitrifying activity to develop.
